INTRODUCTION
============

In most cases, tinnitus is accompanied by decreased hearing ability, suggesting that the peripheral acoustic organs are a site of occurrence of tinnitus ([@B1], [@B2]). Severity of tinnitus is often found to increase with the degree of hearing loss and the pitch of tinnitus often coincides with the frequency of the lesion or is just below the precipitous edge of the lesion. These findings demonstrate that damage to cochlear hair cells plays a crucial role in the pathogenesis of tinnitus ([@B3]-[@B7]). However, tinnitus can also appear in deaf patients or those in which the auditory nerve has been surgically sectioned. Studies measuring changes in positron emission computed tomography (CT) associated with tinnitus have supported the hypothesis that tinnitus originates in the central nervous system. Thus, tinnitus does not develop from damaged hair cells, but is a phantom perception caused by plastic readjustments of the auditory center due to decreased afferent signals ([@B8]-[@B10]). In other words, in patients with hair cell destruction within a specific frequency range, there is a decrease in signal transduction of the corresponding frequency from the acoustic nerve. This reduced nerve input, which has a characteristic frequency in the hearing loss range, may result in a reduction of lateral inhibition at the dorsal cochlear nucleus or inferior colliculus. The reduced nerve input may also be due to the development of tinnitus caused by the hypersensitivity and hyperactivity in auditory neurons at the edge frequency ([@B10], [@B11]). In addition, tinnitus may be caused or changed by somatosensory or somatic motor nerves other than the acoustic nerve, suggesting that tinnitus may occur in the dorsal cochlear nucleus ([@B11], [@B12]). Tinnitus can be modulated by various somatosensory manipulations, and cross-modality interactions between auditory and somatosensory information can take place in the dorsal cochlear nucleus.

The occurrence of tinnitus, together with normal hearing ability, suggests that the former may develop purely in the central nervous system, with no relation to cochlear damage. The proportion of patients with tinnitus and normal hearing has been reported to range from 7.4% to 20% ([@B13]-[@B15]). These studies, however, are based on classical pure tone audiometry, with frequencies that do not exceed 8 kHz. Because audible frequencies range between 20 Hz and 20 kHz in humans ([@B16]), we hypothesized that the proportion of tinnitus patients with completely intact cochlea is between 7.4% and 20%. We therefore measured hearing thresholds at extended high frequencies in patients with tinnitus who had normal hearing on classical pure tone audiometry within the range 250 Hz to 8 kHz. If there are tinnitus patients with complete normal hearing at the highest end of the audible hearing frequency, tinnitus may originate in the central nervous system. The purpose of this study was to evaluate how many patients who have conventionally normal hearing reveal abnormal hearing thresholds at extended high-frequencies.

MATERIALS AND METHODS
=====================

Of 510 patients who visited our clinic between January 2006 and May 2008 with a chief complaint of subjective tinnitus, 49 had a pure tone threshold \<25 dB HL and threshold differences \<10 dB between ears at frequencies of 250 and 500 Hz and 1, 2, 4, and 8 kHz. Patients with objective tinnitus, abnormal otologic findings, or a history of neurological illness or endocrine diseases such as hypothyroidism or diabetes, were excluded. Of these patients, however, 31 were ineligible for this study because their symptoms disappeared within 3 months, they refused to participate, or they could not be followed-up. Thus, 18 patients (18 ears), each of whom had persistent tinnitus for a minimum of 3 months, were enrolled in this study. This group consisted of 3 men and 15 women with a mean age of 41.2 yr (range, 31 to 54 yr). All 18 had normal waves and latencies in 30 dB nHL click stimuli of auditory brainstem response. Tinnitus was present in 7 left ears and 11 right ears; none had bilateral tinnitus. For each patient, we enrolled 5 age- and sex-matched normal volunteers (10 ears), each of whom had a threshold \<25 dB HL and threshold differences \<10 dB between ears at frequencies below 8 kHz. Mean hearing threshold was measured over an extended high frequency range, including frequencies of 10, 12, 14, and 16 kHz. This was done for each of the 18 patients with tinnitus and for 5 volunteers (10 ears) matched in age and sex to each of the 18 patients. Because there were 2 pairs of patients of the same age and gender (patients 5 & 6, 15 & 16) ([Table 1](#T1){ref-type="table"}), a total of 160 control ears were enrolled. Normal individuals were excluded if there were complaints of subjective tinnitus, a family history of hearing difficulty, a previous history of noise exposure or otic diseases, or complaints of a subjective decrease in hearing ability. We used a pure tone audiometer (Orbiter 922; GN Otometrics, Copenhagen, Denmark) and a specialized headphone for the ultra-high frequency range (HAD-200; Sennheiser, Wedemark, Germany) to obtain hearing thresholds for frequencies of 10, 12, 14, 16, 18, and 20 kHz at a dB sound pressure level. Measurements were done using an ascending-descending technique, in 5 dB steps at all frequencies. If a patient made two or more responses to a set of 3 stimuli, she/he was deemed to have heard the sound. At frequencies \>18 kHz, most patients did not respond to the maximum stimulatory sound, even among volunteers without tinnitus. We were not provided with any calibration form from the manufacturing company. Thus, we compared the mean hearing thresholds of each tinnitus ear and 10 normal ears at 10, 12, 14, and 16 kHz using a Mann-Whitney test. The Mann-Whitney test and Fisher\'s exact test were used for comparisons at each frequency between the tinnitus group and the control group (stratified by age-decade, and the characteristics of tinnitus).

RESULTS
=======

Of the 18 patients with tinnitus, 12 (patients 1, 2, 3, 4, 6, 8, 10, 11, 12, 13, 14, and 17) had significantly increased hearing thresholds at more than one of the three test frequencies in comparison with the age- and sex-matched normal group. In the other 6 patients (patients 5, 7, 9, 15, 16, and 18), the hearing threshold did not differ or was lower than that of the normal group. Of the 12 patients with increased hearing threshold at extended high frequencies, three (patients 6, 13, and 14) had decreased hearing at 10 and 12 kHz, five (patients 2, 8, 10, 11, and 12) had decreased hearing at 10, 12, and 14 kHz, two (patient 1 and 4) had decreased hearing at 12, 14, and 16 kHz, one (patient 17) had decreased hearing at 14 and 16 kHz, and one (patient 3) had decreased hearing at 16 kHz. When we assessed results according to frequency, we found that 8 patients had decreased hearing ability at 10 kHz, 10 had decreased hearing at 12 kHz, 8 had decreased hearing at 14 kHz, and 4 had decreased hearing at 16 kHz ([Figs. 1](#F1){ref-type="fig"}-[4](#F4){ref-type="fig"}).

In the comparison between the mean of hearing thresholds of tinnitus subjects (n=18) with \<25 dB HL at the conventional frequencies, and that of their counterparts (subjects without tinnitus, n=160) in dB sound press level (SPL) by age-decade, tinnitus subjects had a significantly higher threshold at 10 kHz only. The mean hearing thresholds in the tinnitus patients group aged \<35 yr, and in the group aged 35-44 yr were significantly higher than those of normal subjects at 14 kHz and 10 kHz, respectively. However, there was no significant difference between the two groups at all frequencies for those aged \>45 yr ([Table 2](#T2){ref-type="table"}).

In the comparison of characteristics between tinnitus patients within the normal hearing threshold up to extended high frequencies and tinnitus patients with increased hearing thresholds at extended high frequencies, there was no significant difference ([Table 3](#T3){ref-type="table"}).

DISCUSSION
==========

Of the 510 tinnitus patients who visited our clinic, 49 (9.6%) had normal hearing on conventional audiometry \<8 kHz, which is within the range (7.4 to 20%) previously reported ([@B13]-[@B15]). Of the 18 enrolled patients with tinnitus, all of whom had normal hearing at frequencies below 8 kHz, 12 (66.7%) had decreased hearing ability at more than one of the four extended high frequencies, 10, 12, 14, and 16 kHz. These results indicate that there are patients with tinnitus who are found to be normal on conventional audiometry, with a threshold below 8 kHz, who can be excluded from the current analysis if extended high frequency stimuli are included. In contrast to our findings, an analysis of extended high frequency thresholds in 17 tinnitus patients aged 17 to 45 yr and in 17 age- and sex-matched controls found no significant between group differences ([@B14]). The earlier study, however, compared patients and controls at a ratio of 1:1. Because there are great discrepancies in extended high frequency thresholds among individuals, the hearing threshold of each control likely does not represent the corresponding age group ([@B17]). Moreover, it would be rather inaccurate to make comparisons based on mean threshold values of whole patients and controls, and not make comparisons between hearing thresholds of individual patient and matched controls, which would show great age- and sex-related discrepancies. As age increases, such factors as noise exposure, accumulation of ototoxic materials and aging itself will lower extended high frequency hearing ability, making it very difficult to establish a certain level of hearing threshold as the normal value. Thus, to reduce inter-individual differences in extended high frequency hearing ability, we matched 5 volunteers (10 ears) by age and sex to each of our 18 patients. Standard deviations of hearing threshold at 10, 12, and 14 kHz in the 160 normal ears were 12.6, 20.6, and 22.2, respectively. These results did not differ greatly from earlier studies, which showed that the standard deviations at these three extended high frequencies were 11, 15.6, and 20.2 dB respectively, in 104 ears of patients aged 18 to 49 yr ([@B17]). We found that the standard deviation was greater at higher frequencies, which may be due to the greater effect on the anatomical structure of the external acoustic meatus ([@B18]). In addition, because the mean age of normal volunteers was relatively high (41.2 yr \[range, 31 to 54 yr\]) and age-induced hearing impairments may have already occurred, the threshold of normal individuals had greater standard deviations at higher frequencies. However, in the case of 16 kHz, too many cases of \"106 dB SPL or more\" (cases of no responses to the maximal stimulatory sound) induced such a small standard deviation (12.0).

Of the 18 patients with tinnitus, 6 did not show a decrease in hearing ability at extended high frequencies, suggesting that they could have normal hearing at all audible frequencies. The pathogenesis of tinnitus where there is no decrease in hearing ability may have various causes. Tinnitus may be induced purely in the central nervous system without damage to peripheral sensory organs. In most patients with tinnitus, the afferent signals are decreased by damage to peripheral sensory organs, and plastic changes may follow in a specific area of the acoustic center, which may secondarily induce spontaneous activity. However, a decrease in afferent acoustic signals is not essential ([@B11], [@B19]). For example, in individuals with somatic tinnitus syndrome, the somatic manipulations may stimulate a specific area of the acoustic center. This may lead to tinnitus, which occurs regardless of hearing ability ([@B12]). In patients without a concurrent decrease in hearing ability, damage to the hair cells may be mild or at a very early stage, although it may be present in peripheral sensory organs. Biochemical changes preceding structural damage to the hair cells may induce tinnitus ([@B20]). Noise exposure and specific pharmacologic agents can elevate intracellular Ca^2+^ concentration, resulting in elongation of the outer hair cells and decreases in their stiffness. This may distort the relationship between the inner hair cells and the tectorial membrane and may result in easy deflection of the stereocilia, causing increased activity in the afferent cochlear nerve and resulting in tinnitus ([@B21]). In addition, the excessive release of glutamate from the terminus of the internal hair cells or hyperactivity of N-methyl-D-aspartate receptors in the spiral ganglion can induce excessive activation of the auditory nerve. Following recovery of hair cells from biochemical injury, tinnitus may persist as a phantom phenomenon in the acoustic center ([@B22]). For example, tinnitus may also persist following the recovery of hearing ability from the transient threshold shift due to acoustic trauma.

In the comparison between the mean of hearing thresholds of the tinnitus groups and the control groups at each frequency by age-decade, we found a difference at each frequency, excluding subjects aged \>45 yr. Though there was a difference in one frequency only, some tinnitus patients could have damage in any small portion of cochlea. For those aged \>45 yr, no significant difference between the tinnitus and non-tinnitus groups at all frequencies was found to have been caused by progressive age-induced hearing impairments.

We also tried to compare the characteristics of tinnitus between tinnitus patients within the normal hearing thresholds up to extended high frequencies and patients with increased hearing thresholds at extended high frequencies. However the numbers in the samples were too small to make any meaningful conclusion.

We also attempted to measure hearing thresholds at 18 and 20 kHz. However, we noted that no reactions occurred at frequencies of 18 kHz and above in normal volunteers without tinnitus. We could not, therefore, measure differences in individuals with and without tinnitus at hearing thresholds \>16 kHz. Thus, it may be difficult to determine whether tinnitus combined with completely intact cochlea or minimal damage without a concurrent decrease in hearing ability manifests or not. Even patients with tinnitus who showed normal hearing at frequencies up to 16 kHz could not be determined to be normal at all audible frequencies. We also do not know about extended low frequencies (\<250 Hz), because the tests were not conducted. This can be considered a limitation caused by testing equipment.

In this study, decreased hearing ability was seen at ultra highfrequencies in some patients with tinnitus who had normal hearing below 8 kHz. Thus, the proportion of patients with tinnitus who have normal hearing within the entire audible range is smaller than in previous reports.

![Hearing thresholds of tinnitus patients and controls at 10 kHz. Eight patients (patients 2, 6, 8, 10, 11, 12, 13, and 14) had decreased hearing ability at 10 kHz (^\*^*P*\<0.05) (○: controls, □: patient).](ceo-2-169-g001){#F1}

![Hearing thresholds of tinnitus patients and controls at 12 kHz. Ten patients (patients 1, 2, 4, 6, 8, 10, 11, 12, 13, and 14) had decreased hearing at 12 kHz (^\*^*P*\<0.05) (○: controls, □: patient).](ceo-2-169-g002){#F2}

![Hearing thresholds of tinnitus patients and controls at 14 kHz. Eight patients (patients 1, 2, 4, 8, 10, 11, 12, and 17) had decreased hearing at 14 kHz (^\*^*P*\<0.05) (○: controls, □: patient).](ceo-2-169-g003){#F3}

![Hearing thresholds of tinnitus patients and controls at 16 kHz. Four patients (patients 1, 3, 4, and 12) had decreased hearing at 16 kHz (^\*^*P*\<0.05) (○: controls, □: patient).](ceo-2-169-g004){#F4}
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Extended high-frequency threshold in tinnitus patients and corresponding controls
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Of the 18 patients with tinnitus, 12 (patients 1, 2, 3, 4, 6, 8, 10, 11, 12, 13, 14, and 17) had significantly increased hearing thresholds at more than one of the three tested frequencies in comparison with the age- and gender-matched normal group. In the other six patients (patients 5, 7, 9, 15, 16, and 18), the hearing threshold did not differ or was lower than that of the normal group.

^\*^*P*\<0.05.

SPL: sound press level.
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Comparison between means of hearing thresholds of tinnitus subjects with \<25 dB HL in the conventional frequencies and that of their counterparts in subjects without tinnitus in dB sound press level by age-decade
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Comparison of characteristics between tinnitus patients with normal hearing thresholds up to extended high frequencies and patients with increased hearing thresholds at extended high frequencies
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